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a b s t r a c t

The RCF (rolling contact fatigue) life of ceramic balls is a reliable technique to assess whether or not they

are suitable to be used in rolling bearings. The relation expression between failure probability and RCF

life was deduced with Weibull fracture statistic method for the silicon nitride ceramic ball in

ball–cylinder geometric model. The tensile stress life model about silicon nitride ceramic balls was set

up between RCF life and contact stress on the basis of the correlative numerical solution between the

rating life and the maximum contact stress. It is conceived basing on maximum principal tensile stress.

The failure cause, fatigue phenomenon and mechanics of balls are analyzed. The analysis shows that

considering the maximum tensile stress as fatigue failure critical stress is reasonable. It is indicated that

the tensile stress life model is feasible through RCF test with different stress level. It is verified by the

tensile stress life model that silicon nitride ceramic balls failed by the maximum principal tensile stress,

not by the maximum shear stress. In comparison with the L–P shear stress life model, the tensile stress

life model is reasonable for RCF life prediction of silicon nitride ceramic balls.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ceramic materials such as silicon nitride applied to rolling
element bearings have many advantages over traditional bearing
steels. The low density, high stiffness, good corrosion resistance,
low coefficient of thermal expansion, and high temperature
properties of ceramics are very desirable for their use as rolling
elements. The ceramic bearings have good prospects in aerospace,
military and machining domains etc. The ceramic bearings
include full ceramic bearings and hybrid bearings. The former
are made of ceramic material, and the latter are comprised of
inner and outer rings made of bearing steel while the balls are
made of ceramic.

Ceramic ball is one of the most important bearing elements.
The RCF (rolling contact fatigue) life of ceramic balls is a reliable
technique to assess whether or not they are suitable to be used in
rolling bearings. In general, at room temperature, silicon nitride is
basically more brittle than steel. The values of fracture toughness
and bending strength in ceramic are lower than hardened bearing
steel. It is necessary that the RCF life of ceramic balls is researched
in order to ensure ceramic bearings reliability and prolong its life.

In all kinds of ceramic materials, spalling is as a major failure
mode in silicon nitride as in steel material. A lot of researchers
have proceeded to background research about silicon nitride
[1–7]. Though lots of experiments on silicon nitride balls
performance were published, studies of the RCF life model are

scarce. The brittle failure of silicon nitride ceramics elements was
predicted in rolling contact using fracture mechanics by Oguma
[5]. The fatigue cracking failure of ceramic rolling elements under
Hertzian loading was predicted by Chiu [6]. The shear stress life
model of ceramic balls basing on the maximum dynamic shear
stress theory was set up by Yuanke [7].

It is not convenient that the failure probability formulations,
derived by Oguma [5] and Chiu [6], are used to predict RCF life of
ceramic balls. The both are complex, relating to crack length
parameter etc. The shear stress life model derived by Yuanke [7] is
lack of credibility because it was not verified by experiment.

It is well known that life theory of steel bearings is maturity
[8], and that of ceramic bearings is deficiency yet. It is difficult to
apply the life model of steel balls to ceramic balls directly because
of different failure mechanism.

The objectives of this work were to analyze the relation
between the RCF life of silicon nitride ceramic balls and the
maximum contact stress, set up the mathematical model about
silicon nitride ceramic balls between RCF life and contact stress,
and research the failure mechanism of ceramic balls and the life
prediction method.

2. Calculation model

As shown in Fig. 1, while the material element has experienced
due to the moving contact load, the cracks propagation form has
three modes as follows: mode I, mode II, and mode III [9].

For steel bearings, the RCF life is predicted according to L–P
theory. The life model was set up basing on maximum dynamic
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shear stress (mode II crack growth by shear stress shown in
Fig. 1) [8].

Weibull [10] founded a statistical approach to determine the
strength of solids. Weibull related the material strength to the
volume of the material subjected to stress. If we imagine the solid
to be divided in an arbitrary manner into n volume elements, the
probability of survival for the entire solid can be obtained by
multiplying the individual survivabilities together as follows:

S ¼ S1 � S2 � � � Sn (1)

where the probability of failure F is

F ¼ 1� S (2)

Weibull further related the probability of survival S, the material
strength s, and the stressed volume V according to the following
relation:

ln
1

S
/

Z
V

f ðXÞdV (3)

The tensile strength of ceramic materials was weak. The reason
was that defects and inhomogeneity in the ceramic materials
made them were sensitive to tensile stress. The origin cracks are
initiated from flaws in the ceramic material. The distribution of
the flaws in the number and size are random. On the basis of
Weibull theory hypotheses are as follows:

(1) The ceramic material is not homogeneous. There are volume
defects in the ceramic material. Stress concentration occurs
around the existing volume defects when a load applied.
Under the cyclic stress, tiny cracks are formed. The cracks
originating from volume defects propagate in course of
running. In the end, these cracks propagate to microscopic
cracking due to the cyclic stresses.

(2) The maximum principal tensile stresses play a dominant role
in course of crack propagation. The RCF critical stress is
maximum principal tensile stresses. The cracks propagate in
mode I shown in Fig. 1 not mode II as steel.

(3) The RCF failure of ceramic materials is formed step by step.
The failure is related to the number of stress cycles N. The
more number of stress cycles N are, the bigger RCF failure
probability is.

(4) The RCF failure probability is related to the stressed volume V

for contact bodies under the action of contact load. The
greater stressed volume V is, the more defects are, and the
bigger RCF failure probability is.

(5) The RCF failure accord with Weibull rule.

On the basis of above hypotheses, referring to Weibull [11,12]
formula for steel material as follows: f(X) ¼ tcNe. Where t is the
critical shear stress, c the critical shear stress-life exponent, e the
Weibull slope, and N the number of stress cycles to failure. For
ceramic material

f ðXÞ ¼ scNe

so

ln
1

S
/

Z
V
scNe dV (4)

the following equation can be derived:

F / 1� exp �

Z
V
scNe dV

� �
(5)

where F is the failure probability, s the maximum principal tensile
stress, c the tensile stress-life exponent, e the Weibull slope, and N

the number of stress cycles to failure.

3. Ball–cylinder contact model

In order to set up the relation between the RCF life and contact
stress, the ball–cylinder model shown in Fig. 2 is chosen according
to the ball bearings operating principle. In Fig. 2, y is the rolling
direction, x is perpendicular to the rolling direction, and z is in the
depth direction, the origin of coordinates O is the center of contact
surface. According to Hertz theory, the shape of contact face is
ellipse. The semi-major axis of the ellipse a, the semi-minor axis
of the ellipse b and the maximum contact stress p0 are calculated,
respectively, by following equations.

p0 ¼
3P

2pab
a ¼

6K2�FR

pE0

 !1=3

b ¼
6�FR

pKE0

� �1=3

E0 ¼ 2

�
1� u2

1

E1
þ

1� u2
2

E2

� �

where R is the synthesis radius of curvature, P the contact load, �
the first elliptical integral, K the aspect ratio (equal to a/b), u1, u2

are Poisson ratio for ball and cylinder, respectively, and E1, E2 are
Young’s modulus for ball and cylinder, respectively. The physical
dimensions and material parameters of ball and cylinder are listed
in Table 1. The maximum contact and contact ellipse parameters
are listed in Table 2.

Stress components of each point underneath contact surface
are shown in Fig. 3. After acquiring stress components according
to Ref. [13], the first, second and third stress invariant may be
calculated by following equations:

I1 ¼ sx þ sy þ sz (6a)

I2 ¼ sxsy þ sysz þ szsx � ðt2
xy þ t

2
yz þ t

2
zxÞ (6b)
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Fig. 1. Mode of crack surface displacement.

Fig. 2. Ball–cylinder model.

Table 1
Physical dimensions and material parameters of ball and cylinder.

Contact

body

Material Physical

dimension

Poisson

ratio

Young’s

modulus (GPa)

Ball Si3N4 f12.7 0.26 310

Cylinder GCr15 f25 0.3 206
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